Adult structures in holometabolous insects such as Drosophila are generated by groups of imaginal cells dedicated to the formation of different organs. Imaginal cells are specified in the embryo and remain quiescent until the larval stages, when they proliferate and differentiate to form organs. The Drosophila tracheal system is extensively remodeled during metamorphosis by a small number of airway progenitors. Among these, the spiracular branch tracheoblasts are responsible for the generation of the pupal and adult abdominal airways. To understand the coordination of proliferation and differentiation during organogenesis of tubular organs, we analyzed the remodeling of Drosophila airways during metamorphosis. We show that the embryonic spiracular branch tracheoblasts are multipotent cells that express the homeobox transcription factor Cut, which is necessary for their survival and normal development. They give rise to three distinct cell populations at the end of larval development, which generate the adult tracheal tubes, the spiracle and the epidermis surrounding the spiracle. Our study establishes the series of events that lead to the formation of an adult tubular structure in Drosophila.
INTRODUCTION
Many organs in the human body, such as the lung, kidney and mammary gland, develop in the embryo from simple epithelial sheets that fold, branch and ramify into complex tubular structures. Tubular organs arise from embryonic progenitors that proliferate and differentiate to generate the different cell types that constitute the final functional organ. Their morphogenesis is dynamic and is based on cell division, growth, cell shape changes and migration, as well as on cell death. The spatiotemporal coordination of these processes governs normal development, while errors lead to diseases such as lung agenesis and polycystic kidney disease (Lu et al., 2006) . Moreover, tube-containing organs, such as the lung and mammary gland, harbor epithelial stem cells that become activated after environmental assaults or hormonal stimulation (LaBarge et al., 2007; Rawlins and Hogan, 2006) . Importantly, regeneration and repair often recapitulate normal developmental events (Rawlins, 2008) . Therefore, characterization of the mechanisms operating during organogenesis is important for understanding not only development and disease pathogenesis but also regeneration. Studies at the cellular and molecular levels in C. elegans and Drosophila have revealed many commonalities in tubular organ development, despite the immense variability in their shapes and functions (Hogan and Kolodziej, 2002; Lu et al., 2006) .
Drosophila has provided a wealth of information regarding the early specification of the embryonic airway precursors, as well as the molecular events involved in tubulogenesis and branching morphogenesis (Ghabrial et al., 2003; Manning and Krasnow, 1993) . The embryonic trachea develops from 10 bilaterally symmetric clusters (Tr1-Tr10) of ~80 cells that express the transcription factor Trachealess (Trh). These cells invaginate to form epithelial sacs that remain connected to the epidermis through a small stalk, the spiracular branch (SB) (Ghabrial et al., 2003; Manning and Krasnow, 1993) . They then differentiate under the control of FGF/Branchless (Bnl), spread and generate a network of 10,000 interconnected tubes. Critical signaling molecules involved in tube formation and branching morphogenesis, such as FGF/Bnl (Sutherland et al., 1996) and Sprouty (Spry), a negative regulator of RTK (Hacohen et al., 1998) , were first identified in the embryonic Drosophila trachea, and were later shown to play strikingly similar roles in mammalian tubular organogenesis. For example, FGF10, the mammalian homologue of Bnl, which signals through FGFR2, was shown to drive lung development (Min et al., 1998) and to play a key role in lung regeneration following injury (Warburton et al., 2001) , while Spry2 was found to negatively regulate tube formation in mice by inhibiting FGFR signaling (Tefft et al., 1999) . In addition, NPAS3, a mammalian homologue of the Drosophila transcription factor Trh, has been shown to play a role in lung development and homeostasis (Zhou et al., 2009) .
Although studies of the Drosophila embryonic trachea have increased our understanding of tube formation and branching morphogenesis, the events that take place during development of branched organs, such as the lung and the kidney, where cell proliferation and differentiation have to be coordinated, cannot be extensively modeled in the fly embryo because morphogenesis of the embryonic trachea proceeds without cell division. The remodeling of the Drosophila tracheal system at the larval/pupal stages, however, provides an opportunity to analyze the coordination of proliferation and differentiation during morphogenesis of the tracheoblasts, which are the airway progenitors of the adult tracheal system.
The adult tracheal system of Drosophila is composed mainly of the spiracles, the external respiratory organs, and the gastransporting tracheal tubes to which they are connected. Each spiracle opens to the epidermis and is surrounded by epidermal cells, the perispiracular epidermis that arises from the spiracular nest of the abdominal histoblasts during morphogenesis of the abdominal epidermis in the pupae (Ninov et al., 2007; Roseland and Schneiderman, 1979) . The tracheal tubes originate from imaginal precursors, the tracheoblasts, that are set aside in the embryo and remain quiescent until the third larval instar when they rapidly proliferate and differentiate to form new tubes during metamorphosis (Whitten, 1980) . Different tracheoblast populations can be distinguished based on their locations and the different parts of the pupal and adult tracheal system they generate. These include the imaginal tracheoblast populations located on the SBs (Manning and Krasnow, 1993; Samakovlis et al., 1996a; Weaver and Krasnow, 2008; Whitten, 1980) (also see Results), the air sac primordium (ASP), and the Tr2 and the dorsal branch (DB) tracheoblasts (Cabernard and Affolter, 2005; Guha and Kornberg, 2005; Guha et al., 2008; Sato et al., 2008; Sato and Kornberg, 2002; Weaver and Krasnow, 2008) .
In this work, we focus on the abdominal SB tracheoblasts and describe how these progenitors proliferate and differentiate to generate diverse cell types that form a functional trachea. We demonstrate that the embryonic SB tracheoblasts are multipotent cells, express the transcription factor Cut that is necessary for the survival and normal development of the abdominal airways, and contribute to different parts of the adult tracheal system. Contrary to prior beliefs (Manning and Krasnow, 1993; Robertson, 1936; Roseland and Schneiderman, 1979; Whitten, 1980) , we demonstrate that SB cells generate the spiracle and its surrounding epidermis as well as the adult tracheal tubes. Altogether, our study establishes the series of cellular events that coordinate formation of an adult tubular structure in Drosophila.
MATERIALS AND METHODS

Fly stocks
Descriptions of the following stocks, unless indicated, can be found in FlyBase. Numbers in parentheses correspond to Bloomington stock numbers: btl-Gal4 UAS-actGFP (#8807), UAS-srcGFP (#5432), fzrlacZ G0326 (#12241), tub-Gal80 ts (#7016) (McGuire et al., 2004) , cut-Gal4 (PG142) (Bourbon et al., 2002) , UAS-cut (gift from B. Mathey-Prevot),
UAS-cut
RNAi (VDRC#5687) (Dietzl et al., 2007) , esg-Gal4 tub-Gal80 ts UAS-EGFP (Micchelli and Perrimon, 2006) , UAS-FLP (Duffy et al., 1998), act5C-FRT-stop-FRT-lacZ (Struhl and Basler, 1993) and hsFLP; act5C-FRT-stop-FRT-Gal4 UAS-GFP (Ito et al., 1997) .
Generation of mitotic clones
For wild-type MARCM clones, hsFLP tub-Gal4 UAS-nlsGFP; tub-Gal80 FRT40A/UbiGFP FRT40A or hsFLP tub-Gal4 UAS-nlsGFP; FRT82B tubGal80/FRT82B arm-lacZ (Lee and Luo, 2001) were used. In addition, wild-type FLPout clones were generated using hsFLP; act5C-FRT-stop-FRT-Gal4 UAS-GFP flies (Ito et al., 1997) .
To assess cut mutant mosaics, we used cut DB7 FRT18D/Ubi-Histone-GFP FRT18D; hsFLP (Sun and Deng, 2005) larvae. Clones ectopically expressing cut were induced in hsFLP; act5C-FRT-stop-FRT-Gal4 UAS-GFP/UAS-cut larvae.
Lineage tracing
A UAS-FLP; act5C-FRT-stop-FRT-lacZ stock was crossed to btl-Gal4 UAS-srcGFP and cut-Gal4; UAS-srcGFP in the absence or presence of a tub-Gal80 ts transgene to allow temporal activation of the Gal4 and hence the FLPase. To induce early lineage clones, crosses were constantly kept at 25°C, while, for late clones, crosses were kept at 18°C until the L2 stage and then transferred to 29°C to inactivate the Gal80 repressor.
Screen
We screened a collection of monoclonal antibodies targeting Drosophila proteins obtained from the Development Studies Hybridoma Bank (DSHB). All monoclonal supernatants were used at 1:20 dilution for screening. Different Gal4 drivers with documented expression in the tracheal system were pre-selected from the Drosophila Genetics Resource Center (DGRC) and were screened for expression in the larval tracheal system by crossing to UAS-EGFP and analyzing L3 larvae.
Immunohistochemistry
For all experiments, phenotypes are assessed at the wandering third instar stage (110-120 hours AEL), except in Fig. 2 where a complete developmental series of the SB is shown. Third instar wandering larvae were ventrally filleted in dissection chambers (Budnik et al., 2006) , ensuring that the tracheal system remained intact and the SBs were not broken off from the epidermis. After removal of the internal organs, the larval carcass with the associated trachea was fixed for 20 minutes at room temperature with 4% formaldehyde/PBS and treated as described (Pitsouli and Delidakis, 2005) . Younger larvae were glued onto sylgard-coated coverslips, ventrally filleted and fixed as above. Embryos were stained using standard procedures.
The following antibodies were used: mouse-anti-Cut 2B10, mouse-antiHnt 1G9, mouse-anti-Cyclin A, mouse-anti-Cyclin B and rat-anti-DCAT2 (1:50-1:100, DSHB), rabbit-anti--gal (1:10,000, Cappel), mouse-anti--gal (1:500, Promega), rabbit-anti-phospho-histone H3 (1:3000, Millipore) and rabbit-anti-GFP (1:2000, Molecular Probes). Anti-mouse or anti-rabbit secondary antibodies conjugated to Alexa-Fluor 488, 555, 594 and 647 were used at 1:1000. To stain nuclei, DAPI was used at 0.3 g/ml along with the secondary antibodies.
Fluorescent images were acquired with a Leica TCS SP2 AOBS or a TCS DM-IRE2 AOBS confocal microscope. Time-lapse imaging of btlGal4 UAS-actGFP pupae was performed by placing the pupa in a drop of halocarbon oil 700 in a chamber slide followed by imaging with a TCS DM-IRE2 AOBS confocal inverted microscope.
Adult phenotypes and X-gal staining
LacZ-expressing flies were dissected in 1ϫPBS and fixed in 4% formaldehyde/PBS for 30 minutes at room temperature. After removal of the fixative, the tissues were incubated in X-gal colorization solution for several hours at 37°C. Dissected abdomens were mounted in Hoyer's and incubated overnight at 65°C. Transmitted light images were acquired using a Zeiss Axiophot equipped with a CCD camera.
EdU labeling
The Click-iT EdU Alexa-Fluor 594 (Molecular Probes, Invitrogen) was used to detect cells in S-phase following the manufacturer's protocol. In short, ventrally filleted btl-Gal4 UAS-srcGFP larvae were incubated in 100 M EdU in 1ϫPBS for 1 hour at 25°C in a humid chamber to allow incorporation of the analogue into the DNA of replicating cells. Subsequently, the tissue was fixed for 20 minutes in 4% formaldehyde/PBS at room temperature. Following two brief washes with 3% BSA in PBS and permeabilization for 20 minutes with 0.5% Triton-X in PBS, EdU was visualized using fresh Click-iT reaction cocktail. After incubation for 30 minutes and three washes in 3% BSA, 0.5% Triton-X in PBS, samples were co-stained with DAPI to visualize nuclei and mounted in Vectashield (Vector Laboratories).
DNA content
Confocal sections (0.1 m) of DAPI-stained nuclei with unsaturated signal were used to generate additive projections with ImageJ. Total DAPI fluorescence intensity per nucleus was measured as mean pixel intensity ϫ number of pixels per nucleus. DAPI intensities of more than 40 cells were measured in Zone 1 and Zone 3 of single SB clusters.
RESULTS
Morphogenesis of the SB tracheoblasts from the embryo to adult
To analyze how proliferation and differentiation are coordinated during tracheoblast development, we studied the morphogenesis of the abdominal Tr4 and Tr5 SBs (Fig. 1A -C,G) as they are easily visualized following ventral filleting of the larvae and give rise to specialized pupal tracheoles used for oxygenation of the posterior of the animal during metamorphosis (Weaver and Krasnow, 2008; Whitten, 1980) . SB cells are epithelial in origin and express Ecadherin (see Fig. S1A -C in the supplementary material). They are set aside in each embryonic tracheal metamere (Tr1-Tr10), and, unlike gas-transporting cells, do not express FGFR/Breathless (Btl) (Samakovlis et al., 1996a) , as shown in btl-Gal4 UAS-actGFP animals (Fig. 1B ,C,G; Fig. 2D ).
Tr4 and Tr5 SB cells form a stalk that connects to the epidermis and remain quiescent until the third larval instar (L3) when they start proliferating ( Fig (Weaver and Krasnow, 2008; Whitten, 1980) .
SB tracheoblasts represent a heterogeneous cell population with distinct mitotic properties
To identify genes expressed in the SB tracheoblasts, we screened a collection of monoclonal antibodies and a number of Gal4-expressing lines (see Materials and methods). We found that the developing tracheoblast population in late L3 larvae could be subdivided into four zones ( Fig. 1H ) based on the expression patterns of four proteins: FGFR/Btl, which is always expressed in differentiated tracheal cells (Manning and Krasnow, 1993; Samakovlis et al., 1996a) ; Hindsight (Hnt), a Ras Responsive Element Binding Protein-1 (RREBP-1) homologue that has been shown to have a structural role in tracheal tubes (Wilk et al., 2000) ; Cut, a homeobox transcription factor with very broad tissue expression in flies and mammals (Nepveu, 2001; Sansregret and Nepveu, 2008) ; and Escargot (Esg), a transcriptional repressor necessary for tube fusion in the trachea and for maintaining diploidy of imaginal cells (Fuse et al., 1994; Hayashi et al., 1993; Samakovlis et al., 1996b) . Zone 1 is distinguished by high levels of both Btl and Hnt, and encompasses large cells associated with the TC, DT and VB. Zone 2 cells express Btl, Hnt, Cut, as well as Esg at low levels. Cells in Zone 3 express high levels of Cut and exhibit spindle-like nuclei. Cells in this zone constitute the SB tube that connects to the epidermis. Finally, cells in Zone 4 express low levels of Cut and high levels of Esg, and constitute the spiracular 3617 RESEARCH ARTICLE Drosophila airway remodeling DEVELOPMENT nest of the abdominal histoblasts ( Fig. 1D-F) . Interestingly, Btl and Hnt always label the same cells and their expression is complementary to Cut expression. The inverse graded expression of Btl/Hnt and Cut along the SB cluster, which generates a zone where all markers (including Esg) are expressed at low levels (Fig.  1DЉ ,EЉ,FЈ,H), suggests that Zone 2 might be a fate transition zone for both Zones 1 and 3.
To understand the origin of the abdominal SB tracheoblasts present at late L3, we examined the expression of Btl, Hnt, Cut and Esg at earlier developmental stages. At embryonic stage 15 ( Fig.  2A) , each SB tracheoblast cluster consists of 8-11 Cutpositive/Esg-positive cells that do not express Btl (Fig. 2D) . Subsequently, during L2 to early L3, SB cells elongate to follow body growth (Fig. 2B-F) , and after an active proliferation phase during L3, they reach about 250-300 cells in each Tr4 and Tr5 cluster ( Fig. 2G-J) . FGFR/Btl (visualized by btl-Gal4 UAS-GFP) and Hnt expression starts at the early L3 stage in these clusters at the SB/TC junction that will form Zone 2 (Fig. 2F,G) . Interestingly, during larval development the relative location of Cut-positive and Hnt/Btl-positive cells does not change (Fig. 2) , so that they always constitute adjacent populations overlapping at the TC/SB junction. By contrast, Esg shows a more dynamic expression pattern, but is always strongly expressed in the spiracular histoblasts (Zone 4) close to the epidermis (Fig. 1F) .
To understand the proliferative properties and characterize the differentiation state of the SB cells, we conducted a cell cycle analysis at the L3 stage using reagents specific for the different phases of the cell cycle. We first performed EdU incorporation experiments to identify cells in S-phase. When EdU was incorporated in the tracheal system for 1 hour (Fig. 3A) at the L3 stage many SB tracheoblasts in Zones 1-3 were found to be in S phase. Interestingly, we found that Btl/Hnt-positive cells in Zone 1 have larger nuclei with twice as much DNA than Cut-positive cells of Zones 2 and 3, as quantified by measuring DAPI fluorescence (Fig. 3C) . Zone 1 most likely corresponds to differentiated cells undergoing endoreplication, a modified cell cycle where G1 and Sphases oscillate without cell division. To test whether Zone 1 cells endoreplicate, we examined the expression of the endocycle marker Fizzy-related (Fzr) and the mitotic markers Cyclin B (CycB) and Cyclin A (CycA), as well as phospho-histone H3 (pH3), which labels mitotic cells in the G2/M transition (Shibata et al., 1990) . As expected, Fzr is activated in Zone 1 cells but not in cells of Zones 2-4 (Fig. 3E ). Fzr expression is maintained during development and Fzr-positive cells continue to grow during pupal stages as shown by DNA content quantification (Fig. 3G,H) . By contrast, the mitotic cyclins, CycB (Fig. 3BЉ) and CycA (not shown), and pH3 (Fig. 3B,BЈ) were not expressed in Zone 1. We conclude that Zone 1 contains cells undergoing endoreplication and differentiation, and express high levels of Btl and Hnt. Moreover, consistent with their differentiated state, Btl/Hnt-positive cells of Zone 1 collectively migrate towards the posterior of the animal shortly after pupariation. Time-lapse confocal imaging of live pupae expressing GFP driven by btl-Gal4 revealed that Zone 1 cells extend cytoplasmic extensions and move as a group on the DT (see Fig.  S1D in the supplementary material).
Our cell cycle analysis indicates that Cut-positive cells in SB Zones 2 and 3 are mitotically active, as they express CycA, CycB, incorporate EdU and stain positively for pH3 (Fig. 3A,B) . Interestingly, pH3 immunoreactivity was detected only in Zones 2 and 3, albeit at different frequencies. Specifically, Zone 2, where
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Development 137 (21) (Fig. 3D) ]. Altogether, these observations suggest that only Zone 2 and 3 tracheoblasts divide, with Zone 2 cells dividing more frequently, suggesting that Zone 2 constitutes a growth zone. To test whether Zone 2 cells proliferate faster than those in Zone 3, we induced mitotic clones positively labeled with GFP using the FLPout (Ito et al., 1997) and the MARCM (Lee and Luo, 2001) methods. We induced clones by heat shocking L2 larvae, at a time when SB cells are not yet proliferating, and analyzed the clones during late L3. We scored animals that only contained two or three clones in different SB zones (n17 SBs) to compare their size. As the clones were induced by heat shock, we expect them to contain the same number of cells if they divide at the same rate in the different SB zones. However, if Zone 2 cells divide faster, as suggested by the increased number of pH3+ cells in this zone, then we expect that clones in Zone 2 would be larger than those in Zone 3. Consistent with Zone 2 cells proliferating faster than those in Zone 3, clones including cells in Zone 2 contained on average 2.4±0.75 times more cells than those in Zone 3 (n11 SBs) (Fig.  3F) . Thus, we conclude that although both Zone 2 and 3 cells are mitotically active, low Cut-expressing Zone 2 cells divide at a faster rate and potentially correspond to a growth zone. Finally, Zone 4 cells did not show any signs of proliferation, nor did they incorporate EdU at the L3 stage, consistent with their arrest in G2 (Ninov et al., 2007; Roseland and Schneiderman, 1979) . Furthermore, our mitotic clone analysis shows that when clones are generated in Zone 4, as described above, they contain one or two cells at most, while their synchronous clones in other zones are much larger (Fig. 3F) , suggesting that Zone 4 cells are arrested in the cell cycle and do not proliferate during larval stages. Spiracular histoblasts of Zone 4 start proliferating during pupariation along with the rest of the abdominal histoblast nests to generate the adult abdominal epidermis (Ninov et al., 2007) , and as they do not contribute to the functional adult airways, they will not be considered further in this study.
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In conclusion, our cell cycle analyses reveal that Zone 1 SB tracheoblasts enter the endocycle and start differentiating in late L3; Zones 2 and 3 tracheoblasts proliferate, with Zone 2 cells proliferating at a faster rate; and Zone 4 cells do not proliferate but remain arrested in G2 and begin proliferating during pupal stages.
Cut-expressing cells are the progenitors of all the different cell types of the late L3 SB
Our developmental analysis of SB morphogenesis indicates that SB tracheoblasts arise from few embryonic progenitors that proliferate, differentiate and migrate (Fig. 2) . The diversity of the SB cell types at the L3 stage could arise either during development or it could be established at the embryonic stage if cells in different locations are already destined to generate a single cell type/zone. Furthermore, our cell cycle analysis suggests that Zone 2 corresponds to a growth zone. To understand the potency of the SB cells at different developmental stages, we decided to generate a fate map of the various SB cell types. Thus, we performed lineage analysis experiments using the 'FLP-out' lineage tracing method (Struhl and Basler, 1993) . This method allows permanent -galactosidase labeling of cells (referred to as LacZ+ cells) that activate the FLPase (see Materials and methods) and, in combination with the Gal4-UAS system (Brand and Perrimon, 1993) , permits the tracing of cells that express a Gal4 of interest. To trace the fate of the different zones of SB cells, we expressed FLP with (1) cut-Gal4
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Development 137 (21) ( Bourbon et al., 2002) , which faithfully recapitulates Cut protein expression in the larval tracheal system starting in the embryo (it is expressed in all SB progenitors in the embryo and its expression is maintained in Zones 2 and 3, Fig. 2A,B) ; and (2) btl-Gal4 (Ohshiro and Saigo, 1997) , the expression of which begins in SB cells during early L3 at the SB/TC junction and is maintained in Zones 1 and 2 (Fig. 2D-J) . Thus, expression of cut-Gal4 and btlGal4 is complementary and the two overlap in Zone 2. Using both drivers, we induced two types of lineage clones: (1) early clones in which FLP expression is initiated at the time of Gal4 activation; and (2) late clones in which FLP expression is regulated by Gal80 ts and activated at the early L3 stage.
Fig. 4. SB larval tracheoblasts originate from multipotent embryonic Cut-positive cells. (A-AЉ) Early lineage clone of a UAS-FLP/cut-Gal4; UAS-srcGFP/act5C-FRT-stop-FRT-lacZ larva reared at 25°C; the Gal4 expression domain is GFP+ (green in
To assess whether the embryonic Cut-positive SB cells ( Fig. 2A ) are the progenitors of the L3 SB tracheoblasts, we generated early clones and found that all late L3 SB tracheoblasts in Zones 1-4 are LacZ+ (Fig. 4A) . Furthermore, when we followed the fate of these lineage clones in adults, early clones gave rise to the adult external respiratory organs, the spiracles, as well as the gas-transporting tracheal tubes (Fig. 4C) . By contrast, when we induced late clones, LacZ+ cells were restricted to Zone 3 (Fig. 4B ) and contributed only to the spiracles (Fig. 4D) , indicating that at the time of clone induction the different SB zones are already destined to generate different parts of the adult airways. Thus, Cut-positive embryonic SB cells are multipotent, give rise to different cell populations in the L3 larvae and contribute to the entire adult tracheal system, whereas Cut-positive L3 cells have lost their multipotency and only contribute to the spiracle.
When we analyzed the fate of btl-Gal4-expressing cells, we found that late clones were only able to label Zone 1 SB cells at the late L3 stage (Fig. 4F) and contributed only to gas-transporting tubes and not to the spiracles in the adult (Fig. 4G ). This finding is consistent with the late cut-Gal4 lineage clones and provides further proof that Zones 1 and 3 are specified at the L3 stage. Interestingly, when we induced early btl-Gal4 clones (at the initiation of Btl expression in early L3), LacZ+ cells were not restricted to Zones 1 and 2, but were also detected in Zones 3, indicating that btl-Gal4 cells in the early larvae generate Zone 3 cells in the L3 (Fig. 4E) . All 23 SBs with early btl-Gal4 clones contained LacZ+ cells in Zone 3 and 11 of these contained clones that were spanning the whole length of Zone 3 and extended in Zone 4. This further supports the idea that a growth zone (Zone 2) is established early during development of the SB at the TC/SB junction, a region where we detected more mitotic activity in L3 (Fig. 3B,E) . Thus, the position of SB cells at late L3 specifies their fate in the adult, with Zone 1 generating the tracheal tubes and Zone 3 generating the spiracles (Fig. 5) . Furthermore, Zone 2 appears to behave as a growth zone at the L3 stage and contributes to cells in both Zones 1 and 3.
Cut is necessary for SB cell survival and suppresses tracheal differentiation
The expression of Cut in the multipotent SB progenitors as well as its dynamic expression in the growing SB indicates that the protein is important for development of the adult Drosophila airways. To assess the function of Cut in the developing SB, we performed loss-of-function as well as gain-of-function experiments.
To eliminate Cut from SB tracheoblasts, we used a protein null allele of the gene cut DB7 (Sun and Deng, 2005) to generate mosaics by conventional mitotic recombination (Xu and Rubin, 1993) . This method allows us to compare the size of the mutant clone to that of the wild-type twin spot. We found that cut DB7 mutant clones contain about half the number of cells of their wild-type twin spots, with an average of 12.7 cells and 23.6 cells, respectively (n18 clones, Fig. 6D,E) . The reduced number of cells in the cut DB7 mutant clones could reflect either a decrease in cell proliferation or an increase in cell death. To test these possibilities, we stained cut DB7 clones with CycA, CycB and cleaved caspase 3 antibodies to monitor the state of cell proliferation and cell death, respectively. We found that, whereas CycB (Fig. 6C,CЈ) and CycA (not shown) accumulation in mutant clones remained largely unchanged, a number of cells showed caspase 3 immunoreactivity (Fig. 6B,BЈ) , whereas in wild-type SBs we rarely detect apoptotic cells (Fig. 6A) . Thus, in SB tracheoblasts loss of Cut activity is associated with apoptosis.
To test the role of Cut on the development of the adult abdominal tracheal system, we used a UAS-cut RNAi transgene that can effectively suppress Cut protein expression (supplementary material Fig. S2A ) to knock down Cut from different SB populations. In agreement with the observed apoptosis in the null clones, when UAS-cut RNAi was overexpressed in the SB cells using esg-Gal4, which allows expression of the transgene from the embryonic stage, we observed cell death of the larval SB tracheoblasts, breaks in the normal tracheal branches and loss of spiracles as well as necrotic tracheal tissue in the rare adult escapers (supplementary material Fig. S2B-D) . Therefore, disruption of Cut expression either by tissue-specific RNAi or by mutant mitotic clones leads to cell death, loss of tissue integrity and loss of spiracles in the adult.
In addition to, and consistent with, the observation that Cut expression is crucial for SB development, ectopic expression of a UAS-cut transgene in the btl-Gal4 domain prevented normal growth of SB tracheoblasts. More specifically, Zone 1 of SB cells ectopically expressing UAS-cut under btl-Gal4 consisted of SB cells with small nuclei (Fig. 6F) . As expression of Cut in Zone 1 leads to small cells, it is possible that ectopic Cut might block differentiation and endoreplication in Zone 1 and therefore suppress Fzr-lacZ expression. To test this possibility, we induced FLPout clones overexpressing Cut in Zone 1 and found that they contain small cells lacking Fzr-lacZ expression (Fig. 6G,H) . Therefore, Cut is sufficient to inhibit differentiation/ endoreplication of Zone 1 cells. 
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In conclusion, loss-and gain-of-function analyses show that the homeobox transcription factor Cut is crucial for normal SB development and formation of the adult abdominal tracheal system. In particular, Cut is necessary for survival of SB cells during development and subsequent morphogenesis of the adult spiracles and trachea. In addition, ectopic expression of Cut inhibits tracheal cell differentiation by inhibiting Fzr and endoreplication.
DISCUSSION
Larval tracheoblasts and the remodeling of Drosophila airways
Adult organs of holometabolous insects such as Drosophila are generated by imaginal progenitors that proliferate and differentiate during larval and pupal stages. Imaginal progenitors can either generate an adult organ de novo or they can extensively remodel a pre-existing organ. Organs that are exclusively functional in the adult such as the wings and legs, are generated de novo, whereas others (such as the trachea, the epidermis and the muscle) that are functional throughout life, undergo extensive remodeling during pupariation in a process during which the larval organ is used as a scaffold.
The Drosophila adult tracheal system follows the general framework of the embryonic/larval trachea and consists of the tracheal tubes and spiracles. During metamorphosis it remains functional, while at the same time imaginal progenitors extensively remodel the developing adult airways. At this stage, the Tr6-Tr10 tracheal metameres are lost, and although Tr6-Tr9 are restored in the adult, Tr10 is not (Whitten, 1980) . In addition, during pupariation, the head and thoracic tracheal system undergoes dramatic remodeling that results in greatly dilated air sacs that oxygenate the brain and the flight muscles, respectively (Sato and Kornberg, 2002; Whitten, 1980) . Until recently, it was thought that the fly trachea was remodeled only by imaginal tracheoblasts located on the SB (Manning and Krasnow, 1993; Robertson, 1936; Whitten, 1980) . Recent studies, however, have characterized different populations of tracheoblasts at various positions along the larval body (Cabernard and Affolter, 2005; Guha and Kornberg, 2005; Guha et al., 2008; Sato et al., 2008; Sato and Kornberg, 2002; Weaver and Krasnow, 2008) such as: (1) the ASP tracheoblasts located in the adepithelial layer of the wing imaginal disc that generate the thoracic air sacs; and (2) the Tr2 and DB tracheoblasts that remodel part of the tracheal system of the thorax and abdomen, respectively; both correspond to differentiated tracheal tubes that dedifferentiate to reinitiate a proliferation program. Therefore, the adult Drosophila tracheal system is generated both by dedicated progenitors and by de-differentiating larval cells that reside in various locations in the larval body.
The SB tracheoblasts and the formation of the abdominal trachea Our analysis of the morphogenesis of the abdominal SB tracheoblasts demonstrates that the abdominal spiracles, the perispiracular epidermis and the trachea are formed through coordinated proliferation and differentiation of a few multipotent embryonic progenitors (Fig. 5) . Although the common origin of spiracles and perispiracular epidermis has previously been shown (Robertson, 1936) using clonal experiments in the abdominal epidermis, studies of gynandromorphs and microcautery, the fact that a common progenitor generates not only these tissues but also the tracheal tubes was not known. More specifically, we show that the Cut/Esg-positive SB embryonic progenitors proliferate and differentiate to generate four zones of SB cells by the late L3 stage. Interestingly, Zone 2 of the SB cluster behaves as a growth zone during early larval stages and produces progeny that contribute to all other zones, which later differentiate into different parts of the functional adult airways (tracheal tubes and spiracles) as well as the epidermis surrounding the spiracles (Fig. 5) . This type of morphogenesis is strikingly different from that of the embryonic tracheal system, which does not require cell division, or the development of the posterior spiracles of the larva, which are
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Development 137 (21) generated by the fusion of specialized epidermal structures with the tracheal tubes (Hu and Castelli-Gair, 1999; Samakovlis et al., 1996a) .
Here, we present a detailed analysis of the tracheal metameres Tr4 and Tr5, the SB cells of which are responsible for the generation of pupal tracheoles in addition to the adult abdominal airways (Weaver and Krasnow, 2008 ) (this work). Nevertheless, we also found that the SB tracheoblasts of all posterior tracheal metameres (Tr6-Tr10) express the same markers, i.e. Cut, Esg, Hnt and Btl during larval stages (not shown). These larval cells arise from the embryonic SB clusters and generate the adult trachea and spiracles of the posterior abdomen, although they do not contribute to pupal tracheoles (Manning and Krasnow, 1993; Whitten, 1980) . We have found that the Tr6-Tr10 SB cells are fewer in number compared with the Tr4 and Tr5, because they contain fewer cells in Zone 1 (not shown). As Zone 1 cells generate the adult trachea as well as pupal tracheoles, and the latter are generated early during pupariation (Weaver and Krasnow, 2008) , we expect that the limited number of Btl cells of Tr6-Tr9 will generate the adult tracheal tubes.
The role of Cut in SB morphogenesis and airway development
In the SB tracheoblasts Cut is expressed throughout the progenitor population at the time of its specification in the embryo, whereas later during development it displays a dynamic graded expression pattern. Interestingly, levels of Cut seem to specify different SB cell populations and growth activities.
Drosophila Cut is a DNA-binding transcription factor with a unique homeodomain and three Cut repeats (Blochlinger et al., 1993; Nepveu, 2001) . Expression of Cut at the wing D/V boundary, in postmitotic sensory organs during neurogenesis, cone cells in the eye, Malpighian tubules, posterior larval spiracles and differentiated brain neurons, indicates that Drosophila Cut is generally involved in terminal differentiation (Nepveu, 2001 ). An exception is the follicular epithelium of the Drosophila ovary where Cut is necessary for cell proliferation and regulates the mitotic cycle/endocycle switch (Sun and Deng, 2005; Sun and Deng, 2007) . Our data on the SB tracheoblasts implicate Cut in cell division as well as cellular differentiation. Interestingly, graded expression of Cut correlates with differential growth activities and differentiation of SB tracheoblasts. Therefore, it seems that Cut is a crucial determinant of cell fates during remodeling of the Drosophila trachea.
Importantly, the mammalian Cut homologue Cux1 is expressed in many tissues, including the lung and kidney, its function is often associated with cell cycle control (Sharma et al., 2004 ) and its expression is elevated in epithelial cancers (Sansregret and Nepveu, 2008) . Interestingly, Cux1 knockout mice die shortly after birth because of delayed differentiation of lung epithelia (Ellis et al., 2001) . Furthermore, in the kidney, Cux1 expression during development is inversely related to the degree of cellular differentiation (Vanden Heuvel et al., 2005) . Further experiments that will allow precise manipulation of Cut levels will elucidate the molecular mechanism of its action in Drosophila and potentially shed light on its function in mammalian tubular organ development.
Concluding remarks
We have focused here on the morphogenesis of the abdominal SB tracheoblasts, the dedicated imaginal progenitors of the adult Drosophila tracheal system that remodel the airways, and illustrate how a multipotent population of cells develops through spatially activated proliferation and differentiation to form a functional adult tubular organ. As proliferation and differentiation of airway progenitors are coordinated during SB morphogenesis as well as during mammalian tubular organ development, studies of the remodeling of the tracheal system in Drosophila might shed light on mammalian tubular organ development and homeostasis.
